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DNA-PKcs Is Required for Activation of Innate
Immunity by Immunostimulatory DNA
inactive ODNs suggested that palindromic hexamers,
each of which contains nonmethylated CpG dinucleo-
tides, are responsible for this immune activation (Ya-
Wen-Ming Chu,*k Xing Gong,* Zhi-Wei Li,† Kenji
Takabayashi,* Hong-Hai Ouyang,‡ Yi Chen,†
Augusto Lois,* David J. Chen,§ Gloria C. Li,‡
mamoto et al., 1992). Since this initial characterization,Michael Karin,† and Eyal Raz*k
further studies have determined the optimal sequences*The Sam and Rose Stein Institute for Research on
for immunostimulatory activity leading Krieg and co-Aging and
workers to define unmethylated 59-Pur-Pur-CpG-Pyr-Department of Medicine 0663
Pyr-39 motif as the minimal active sequence that triggers†Laboratory of Signal Transduction and Gene
IL-6 production (Krieg et al., 1995).Regulation
More recent studies have demonstrated that bacterialDepartment of Pharmacology
DNA and related ISS-ODNs activate essential cellularUniversity of California, San Diego
components of innate immunity. Upon such stimulation,9500 Gilman Drive
macrophages, monocytes, and dendritic cells secrete pro-La Jolla, California 92093
inflammatory cytokines such as IL-6 and IL-12 (Klinman‡Departments of Radiation Oncology and Medical
et al., 1996), and overexpress costimulatory moleculesPhysics
such as B7 and CD40 (Bauer et al., 1999; Martin-OrozcoMemorial Sloan-Kettering Cancer Center
et al., 1999). These immunomodulatory properties of ISS-New York, New York 10021
ODN were proposed to mediate induction of Th1 re-§Life Science Division
sponses to both DNA (Sato et al., 1996) and protein-Lawrence Berkeley National Laboratory
based vaccines (Roman et al., 1997; reviewed by VanBerkeley, California 94720
Uden and Raz, 1999), as well as to induce cross-presen-
tation of exogenous, soluble antigens, and to prime cy-
totoxic T cell responses (Cho et al., 2000).
Curiously, methylation at the C-5 position of the cyto-Summary
sine in the CpG dinucleotide (5-methylCpG) reduces this
immunostimulatory activity (Krieg et al., 1995). This phe-Bacterial DNA and related synthetic immunostimula-
nomenon is particularly interesting because genomictory oligodeoxyribonucleotides (ISS-ODN) stimulate
DNA of vertebrates contains highly methylated cyto-innate immunity. However, the molecular recognition
sines (70%) of the CpG dinucleotide, whose frequencymechanism that initiates signaling in response to bac-
is already reduced about 5-fold from the expected fre-terial DNA and ISS-ODN has not been identified.
quency (CpG suppression). By contrast, bacterial geno-Herein, we demonstrate that administration of bacte-
mic DNA contains the expected frequency of CpG dinu-rial DNA and ISS-ODN to mice lacking the catalytic
cleotide, which is usually not methylated on the cytosinesubunit of DNA-PK (DNA-PKcs) and in vitro stimulation
(Bird, 1993). These differences between bacterial/myco-of BMDM from these mice result in defective induction
bacterial and mammalian DNA led to the hypothesis thatof IL-6 and IL-12. Further analysis using BMDM of
the mammalian innate immune system has evolved toIKKb2/2 revealed that both DNA-PKcs and IKKb are
respond to a bacterial-specific feature of DNA structureessential for normal cytokine production in response
(i.e., pattern recognition system) through unique and yetto ISS-ODN or bacterial DNA. ISS-ODN and bacterial
unknown pattern recognition receptors (Medzhitov andDNA activate DNA-PK, which in turn contributes to
Janeway, 1997). It was speculated that a putative ISS-activation of IKK and NF-kB. These results reveal a
ODN receptor would detect the DNA of invading micro-
novel role of DNA-PKcs in innate immune responses
bial pathogens and elicit the “immunological danger/alarm
and a link between DNA repair and innate immunity. signal” necessary for protection of the mammalian host
(Roman et al., 1997; Klinman et al., 1999; Wagner, 1999).
Introduction The signaling pathways that mediate the immunostim-
ulatory properties of ISS-ODN have also been investi-
In addition to the well-established role of bacterial cell gated. It was reported that bacterial DNA and ISS-ODNs
wall components in activation of innate immunity (re- do not induce tyrosine phosphorylation or an increase
viewed by Aderem and Ulevitch, 2000), it has been rec- in either inositol triphosphates or intracellular Ca21 in
ognized that bacterial DNA also has profound immuno- responding cells (Krieg et al., 1995). In contrast, the
stimulatory effects (Klinman et al., 1999; Van Uden and NF-kB and MAP kinase signaling pathways were shown
Raz, 1999; Wagner, 1999). Tokunaga and colleagues to be activated (Stacey et al., 1996; Hacker et al., 1998).
had initially demonstrated that particular sequences of Inhibition of NF-kB activation prevents IL-6 production
oligodeoxyribonucleotides (ODN) derived from the my- in response to ISS-ODN (Yi et al., 1998). However, the
cobacteria genome elicit anti-tumor activity (Tokunaga molecular link that leads from fragmented bacterial DNA
et al., 1984). Subsequent analysis of shorter overlapping or ISS-ODN to NF-kB activation remains to be eluci-
ODNs and insertion of active sequences into otherwise dated.
As ISS-ODNs are taken up into cells, they are thought
to signal via their interaction with certain intracellulark To whom correspondence should be addressed (e-mail: wmchu@
ucsd.edu, eraz@ucsd.edu). molecules (Hacker et al., 1998), which we postulated
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might involve intracellular protein kinases known to be Since phosphothioate (ps) ODNs differ structurally
from phosphodiester (po) ODNs, we compared the re-activated by DNA. One such protein kinase is the DNA-
dependent protein kinase (DNA-PK). DNA-PK is a mem- sponse of ISS-ODN to po-ISS-ODN, po-ds-ISS-ODN
(unmethylated or methylated), LPS free bacterial DNAber of phosphatidlinositol 3 (PI3) kinase-like family that
also includes ATM, FRAP, and FRP1 (Hartley et al., 1995; (E. coli), methylated E. coli bacterial DNA, or to LPS
free calf thymus DNA. Similar activity profile was ob-Smith and Jackson, 1999). DNA-PK can be detected in
both the nucleus and cytoplasm (Carter et al., 1990; served for po-ds-ISS-ODN and bacterial DNA in wt
BMDM (Figures 1C and 1D) while po-ISS-ODN was lessDanska et al., 1996; Koiker et al., 1999; Nilsson et al.,
1999). In the nucleus, DNA-PK plays a pivotal role in effective (Figures 1C and 1D). As expected, calf thymus
DNA and methylated bacterial DNA induced a several-repair of DNA double-stranded breaks created by envi-
ronmental insults, such as ionizing radiation (Hartley fold less IL-6 and IL-12 as compared to unmethylated
bacterial DNA (data not shown). BMDM from DNA-PKcs-et al., 1995; Kirchgessner et al., 1995; Smith and Jack-
son, 1999) or by intrinsic cellular processes such as deficient mice were also defective in induction of IL-6
and IL-12 in response to po-ISS-ODN, po-ds-ISS-ODN,programmed DNA rearrangements during lymphocyte
differentiation (e.g., VDJ recombination) (Smith and and bacterial DNA (Figures 1C and 1D), indicating that
DNA-PKcs is required for induction of IL-6 and IL-12 byJackson, 1999). In contrast, the cytoplasmic functions
of DNA-PK are unclear. At physiological salt concen- synthetic (ps) and natural forms (po) of ISS-enriched
DNAs (i.e., bacterial DNA).trations, DNA-PK requires two components for activity:
a DNA binding protein, Ku, and a catalytic subunit, DNA- We then determined whether the lack of ISS-ODN
responsiveness in DNA-PKcs-deficient BMDM was duePKcs (Gottlieb and Jackson, 1993). Ku is a heterodimer
of 70 and 86 kDa polypeptides that binds to double- to a defect in mRNA induction. Little induction of IL-6
and IL-12 mRNAs in response to ISS-ODN was observedstranded DNA ends, nicks, single-stranded DNA, or tran-
sitions between double- and single-strand DNA (Mimori in DNA-PKcs-deficient BMDM (Figure 1E). In contrast,
DNA-PKcs-deficient BMDM exhibited normal cytokineand Hardin, 1986; Falzon et al., 1993). DNA-PKcs has
double- and single-strand DNA binding domains and is mRNA induction in response to LPS stimulation.
To determine the requirement for DNA-PKcs in theactivated by both double- and single-stranded DNA
ends (Leuther et al., 1999; Hammarsten et al., 2000). induction of IL-6 and IL-12 by ISS-ODN, po-ISS-ODN,
ps-ds-ISS-ODN, bacterial and calf thymus DNAs in vivo,We hypothesized a role for DNA-PK in the induction
of innate immunity by bacterial DNA and ISS-ODNs, and we injected these DNAs into wt and DNA-PKcs2/2 mice.
The levels of IL-6 and IL-12 mRNAs in liver or spleenobtained biochemical and genetic evidence that DNA-
PKcs is indeed required for signaling events that lead were examined by RT-PCR. IL-6 or IL-12 mRNA levels
were detected in the liver or the spleen of wt controls,to induction of innate cytokines, such as IL-6 and IL-12.
We demonstrate that bacterial DNA and ISS-ODN acti- but were lacking in the same organs in DNA-PKcs-defi-
cient mice (Figure 1F). Only minute amounts of mRNAsvate DNA-PKcs, which can phosphorylate the IKKb sub-
unit of the IKK complex to cause NF-kB activation. Both were observed in response to calf thymus DNA injection
into wt mice (Figure 1F).DNA-PKcs and IKKb are essential for induction of cyto-
kines in response to bacterial DNA and ISS-ODN. DNA-PKcs is a member of PI3K family and its enzy-
matic activity is blocked by PI3K inhibitors such as wort-
mannin (Wm) at high concentrations, or Ly294002 (Ly)Results
(Hartley et al., 1995; Smith and Jackson, 1999). To further
establish the role of DNA-PKcs in the induction of IL-6The experiments described in this study were performed
and IL-12 by ISS-ODN, we examined the effects of Wmwith single-stranded (ss), 22 nucleotide long, phospho-
and Ly on these responses. High concentrations of Wmthioate (ps) ODNs. These are termed as ISS-ODN where
(.100 nM) significantly inhibited the induction of IL-6ISS stands for immunostimulatory sequence, M-ODN
and IL-12 by ISS-ODN (Hartley et al., 1995) (Figures 2Awhere M stands for mutated, and cont-ODN where cont
and 2B). Ly also blocked IL-6 and IL-12 induction bystands for control. Single-stranded phosphodiester (po)
ISS-ODN (data not shown). In contrast, both Wm andODNs are termed po-ISS-ODN or po-M-ODN whereas
Ly did not inhibit LPS-induced secretion of IL-6 anddouble-stranded (ds) po-ODNs are termed po-ds-ISS-
IL-12 (Figures 2A and 2B and data not shown).ODN or po-ds-M-ODN (for more details, see Experimen-
The ATM gene product, which is also a member oftal Procedures).
the PI3K family, is functionally related to DNA-PKcs and
its kinase activity is also Wm and Ly sensitive (HartleyDNA-PKcs Is Required for Innate Cytokine
et al., 1995; Xu et al., 1996). We therefore examined theInduction by Bacterial DNA and ISS-ODN
induction of IL-6 and IL-12 in ATM-deficient mice. AsBone marrow–derived macrophages (BMDM) respond
shown in Figures 2C and 2D, normal induction of IL-6to ISS-ODN by secreting high levels of IL-6 and IL-12
and IL-12 by ISS-ODN was observed in ATM-deficient(Martin-Orozco et al., 1999). Initially, BMDM from DNA-
BMDM, excluding a role for ATM in ISS-induced activa-PKcs-deficient mice (Kurimasa et al., 1999) were used
tion of innate immunity.to explore the possible role of DNA-PKcs in induction
of these innate cytokines by ISS-ODN. Very low levels
of IL-6 and IL-12 were produced by DNA-PKcs-deficient IKKb Is Required for BD and ISS-ODN-Induced
Activation of NF-kBBMDM upon ISS-ODN stimulation in comparison to wild-
type (wt) BMDM (Figures 1A and 1B). In contrast, DNA- Previous study had demonstrated activation of NF-kB
by ISS-ODN (Stacey et al., 1996). However, the mecha-PKcs2/2 BMDM exhibited normal induction of IL-6 and
IL-12 in response to LPS stimulation (Figures 1A and 1B). nism that drives this response is largely unknown. To
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Figure 1. DNA-PKcs Is Required for Induc-
tion of IL-6 and IL-12 by ISS-ODN and Bacte-
rial DNA
(A and B) Bone marrow–derived macro-
phages (BMDM) from wt or DNA-PK2/2 mice
were treated with ISS-ODN (5 mg/ml), M-ODN
(5 mg/ml), LPS (1 mg/ml) or left untreated for
24 hr. IL-6 and IL-12 levels were determined
in the supernatants by ELISA.
(C and D) BMDM from wt or DNA-PK2/2 mice
were treated with po-ds-ISS-ODN, po-ds-M-
ODN, po-ISS-ODN, or po-M-ODN (10 mg/ml
each), bacterial DNA (BD, 15 mg/ml) or calf
thymus DNA (CTD, 15 mg/ml), or left untreated
for 24 hr. IL-6 and IL-12 levels were deter-
mined by ELISA.
(E) Northern blot analysis. Total RNA was iso-
lated from wt or DNA-PKcs2/2 BMDM untreated
or treated with ISS-ODN (5 mg/ml) or LPS (1 mg/
ml) after 6.5 hr and examined for expression of
IL-6, IL-12, and GAPDH mRNAs.
(F) In vivo analysis of gene expression. ISS-
ODN (20 mg in PBS/mouse), po-ISS-ODN (100
mg), or po-ds-ISS-ODN (100 mg), bacterial
DNA (BD, 50 mg) or calf thymus DNA (CTD, 50
mg) were i.v. injected into wt or DNA-PKcs2/2
mice. After 3 hr total, RNA was extracted from
the spleen or liver and subjected to RT-PCR
analysis.
resolve this issue, we initially evaluated whether ISS- treated DNA-PKcs2/2 BMDM (Figure 4A). As a result,
DNA-PKcs2/2 BMDM also exhibited impaired NF-kB ac-ODN activated IKK, which is essential for NF-kB activa-
tion by proinflammatory stimuli (reviewed by Karin and tivation upon treatment with ISS-ODN (Figure 4A). By
contrast, DNA-PKcs-deficient BMDM were fully respon-Delhase, 2000). We observed maximal IKK activation 30
min post-ISS-ODN incubation, which lasted for about 4 sive to LPS or TNFa. Furthermore, we examined the
dependence of IKK activation by bacterial DNA and po-hr in wt BMDM (Figure 3A). While bacterial DNA and po-
ISS-ODN induced IKK activation similar to ISS-ODN, little ISS-ODN on DNA-PKcs. As expected, activation of IKK
by bacterial DNA or po-ISS-ODN was largely reducedincrease in IKK activity was observed with M-ODN or calf
thymus DNA (Figure 3A). Optimal IKK activation was ob- in DNA-PKcs2/2 BMDM as compared to their wt controls
(Figure 4B).served at an ISS-ODN concentration of 0.65 mg/ml, with
little IKK activation in response M-ODN (Figure 3B). To determine whether DNA-PKcs activity is required
for IKK activation, we used the PI3K inhibitor Wm. AsWe used BMDM isolated from IKKb2/2 Tnfr12/2 mice
(Z.-W. L and M. K., unpublished data) to determine the found for IL-6 and IL-12 production (Figures 2C and 2D),
only high concentrations of Wm (250 nM and above)requirement of IKK activity, which is highly reduced in
these animals. The absence of IKKb prevented IKK and significantly inhibited IKK activation in wt BMDM by ISS-
ODN (Figure 4C). Even at 1000 nM, Wm had no effectNF-kB activation by ISS-ODN as well as LPS (Figure 3C)
and significantly reduced the induction of IL-6 and IL-12 on IKK activation by TNFa, while at lower concentrations
(50–100 nM), Wm significantly inhibited IKK activation(Figures 3D and 3E).
by PGDF (data not shown). We also compared ISS-ODN-
induced of IKK and NF-kB activation in BMDM from wtDNA-PKcs Acts Upstream to IKK
or ATM-deficient mice (Xu et al., 1996). As shown inThe data presented above indicate that both DNA-PKcs
Figure 4D, no differences were observed for ISS-ODN-and IKK are required for ISS-induced IL-6 and IL-12. We
induced IKK or NF-kB activation between wt and ATM-therefore examined the dependence of IKK activation
deficient BMDM, excluding a role of ATM in this sig-by ISS-ODN on DNA-PKcs. While incubation of wt
naling.BMDM with ISS-ODN resulted in robust IKK activation,
little increase in IKK activity was observed in similarly Taken together, these results indicate that DNA-PKcs
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Figure 2. DNA-PK but Not ATM Activity Is
Necessary for IL-6 and IL-12 by ISS-ODN
(A and B) BMDM from wt mice were treated
with ISS-ODN (5 mg/ml) or LPS (1 mg/ml) in
the presence of various concentrations of
wortmannin (Wm). The levels of IL-6 and IL-12
in the supernatants were determined by
ELISA.
(C and D) BMDM from either wt or ATM2/2
mice were treated with ISS-ODN (5 mg/ml),
M-ODN (5 mg/ml), LPS (1 mg/ml), or left un-
treated for 24 hr. IL-6 and IL-12 levels in the
supernatants were determined by ELISA.
acts upstream to IKK and is specifically required for IKK various DNA preparations in the DNA-PK assays, we first
measured the 59 free ends using T4 DNA polynucleotideactivation by synthetic (ps) and natural forms (po) of
ISS-enriched DNAs. kinase in the DNA preparations. For bacterial DNA, this
labeling yielded 6.29 3 105 cpm/0.1 mg and 4.1 3 106
cpm/1 mg of DNA, and for calf thymus DNA it yieldedISS-ODN Directly Activates DNA-PK
8.58 3 105 cpm/0.1 mg and 4.2 3 106 cpm/1 mg of DNA.We investigated whether ISS-ODN can directly activate
Under these conditions, calf thymus DNA was a weakerDNA-PK in vitro. The ability of an ISS-ODN containing
activator of DNA-PK than bacterial DNA (Figure 5D),the active CpG motif (59-pur-pur-CpG-pyr-pyr-39, i.e.,
while methylated bacterial DNA was a less potent DNA-59-AACGTT-39) to specifically stimulate phosphorylation
PK activator than unmethylated bacterial DNA (Fig-of the N-terminal portion of p53 (Wang and Eckhart,
ure 5E).1992) was compared to a battery of mutated ODNs,
To further determine whether ISS-ODN, po-ISS-ODN,which include: (1) a methylated C in the CpG dinucleo-
or bacterial DNA activate DNA-PK in cells, we treatedtide, (2) a CpC base pair instead of the CpG dinucleotide
BMDM from either wt or DNA-PKcs-deficient mice withcore, (3) a GpG base pair instead of the CpG dinucleotide
ISS-ODN, po-ISS-ODN, bacterial DNA, or LPS as a con-core, (4) an ApT basepair instead of the CpG dinucleo-
trol. Considerable DNA-PK activity, as measured by im-tide core, and (5) a TTCC instead of the AACG sequence
mune-complex kinase assay, was found after a 30 minof the CpG motif (see above). None of the mutant ODNs
incubation with ISS-ODN, po-ISS-ODN, or bacterialinduced significant secretion of IL-6 or IL-12 upon stimu-
DNA, which peaked after 1 hr (Figure 5F). Little or nolation of BMDM in vitro (data not shown). Only the ISS-
DNA-PK activity was detected in DNA-PKcs-deficientODN stimulated DNA-PK activity (Figure 5A) whereas
BMDM, and LPS had no effect on DNA-PK activity evennone of the mutant ODNs, which were devoid of biologi-
in wt cells.cal activity, led to substantial increase in DNA-PK ac-
tivity.
Next, we investigated the ability of po-ISS-ODN to DNA-PK Phosphorylates IKKb
To explore a role of ISS-activated DNA-PK in IKK activa-activate DNA-PK in vitro. Unlike ISS-ODN (Figure 4A),
po-ISS-ODNs weakly activated DNA-PK only at higher tion we tested whether affinity-purified DNA-PK can di-
rectly activate recombinant IKKa or IKKb purified fromconcentrations (50–100 ng/reaction) (Figure 5B). By con-
trast, po-ds-ISS-ODN was almost as potent as ISS- Sf9 cells (Zandi et al., 1998). Recombinant IKKa and
IKKb display considerable basal kinase activity (ZandiODN in activating this enzyme (Figure 5C). Methylated
ISS-ODN (AA*CGTT) and methylated po-ISS-ODN et al., 1998; Chu et al., 1999), but incubation of IKKb
with DNA-PK in the presence of ISS-ODN further in-(AA*CGTT) were weaker DNA-PK activators than their
unmethylated counterparts (Figures 5A and 5B, respec- creased its kinase activity measured by IkB phosphory-
lation (Figure 6A). Furthermore, although DNA-PKcstively).
In addition, we evaluated the ability of bacterial DNA, phosphorylated IkBa, that activity was considerably
lower than that achieved by IKKb plus DNA-PK. Only amethylated bacterial DNA, and calf thymus DNA to acti-
vate DNA-PK. To use the same equimolar amount of the small enhancement of IkB kinase activity was found
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Figure 3. Involvement of IKK in NF-kB Acti-
vation by ISS-ODN and Bacterial DNA
(A) Left panel: BMDM from wt mice were
treated with ISS-ODN (5 mg/ml) M-ODN (5 mg/
ml) for time periods as indicated. Right panel:
BMDM from wt mice were treated with po-
ISS-ODN (5 mg/ml), bacterial DNA (BD, 5 mg/
ml), or calf thymus DNA (CTD, 5 mg/ml) for
the time periods as indicated. The cell lysates
were assayed for IKK activity (KA) by an im-
mune complex kinase assay. The recovery of
IKK was determined by immunoblotting (IB)
with anti-IKKa antibodies.
(B) BMDM from wt mice were treated for 2
hr with ISS-ODN (left panel) or M-ODN (right
panel) at different concentrations. The cell
lysates were assayed for IKK kinase activity
(KA) by an immune complex kinase assay.
The recovery of IKK was determined as men-
tioned above.
(C) BMDM from wt and IKKb2/2 Tnfr12/2 mice
were treated with ISS-ODN (5 mg/ml). At the
indicated time points, cells were lysed, and
IKK immune complex was isolated by anti-
IKKa antibodies to measure IkB kinase activ-
ity (KA). Recovery of IKK was determined by
immunoblotting (IB). Cells were stimulated
with LPS (10 mg/ml) for 30 min. NF-kB DNA
binding activity was measured by an electro-
phoretic mobility shift assay (EMSA).
(D and E) IKKb is required for induction of IL-6
and IL-12 in response to ISS-ODN. BMDM
isolated from wt or IKKb2/2 Tnfr12/2 mice were
treated with ISS-ODN (5 mg/ml), LPS (1 mg/
ml), or left untreated for 24 hr. IL-6 and IL-12
levels were determined by ELISA.
upon incubation of IKKa with DNA-PK in the presence same time alerts the adaptive immune system to the
presence of pathogens (Medzhitov and Janeway, 1997).of ISS-ODN, but not beyond the level found with DNA-
PK alone (Figure 6A, lane 6 vs. lane 5). To further confirm The innate immune response to invading pathogens in-
volves the effective and rapid recognition of highly con-the activation of IKKb by DNA-PK, we performed a cou-
pled-kinase assay. Recombinant IKKb was preincu- served and usually repetitive microbial structural pat-
terns such as those found in polysaccharides, lectins,bated with DNA-PK in the presence or absence of ISS-
ODN followed by immunoprecipitation of IKKb and IkB LPS, and dsRNA (Medzhitov and Janeway, 1997). This
recognition usually occurs through pattern recognitionkinase activity was measured. Consistent with the re-
sults described above, DNA-PK only activates IKKb in receptors such as those that belong to the Toll family
(Poltorak et al., 1998; Aderem and Ulevitch, 2000). It hasthe presence of ISS-ODN (data not shown). We next
determined whether DNA-PK phosphorylates IKKb. Re- been speculated that bacterial DNA and its synthetic
analogs (i.e., ISS-ODNs), due to their relatively high con-combinant catalyticly inactive IKKb [IKKb (KA)] purified
from Sf9 cells was incubated with or without DNA-PK, tent of nonmethylated CpG dinucleotides are similarly
recognized as foreign structures by the innate immunein the presence or absence of ISS-ODN. As shown in
Figure 6B, DNA-PK phosphorylated IKKb (KA) when in- system of the invaded host (Klinman et al., 1999;
Wagner, 1999). The recognition mechanism, however,cubated with ISS-ODN.
remained enigmatic.
The development of innate immunity appeared rela-Discussion
tively early in evolution preceding the appearance of
adaptive immunity, a protective mechanism unique toInfection of the mammalian host with bacterial, fungal,
and viral pathogens results in rapid activation of innate vertebrates (Hoffmann et al., 1999). Analysis of innate
immune responses to bacterial and fungal pathogens inimmunity, which provides a rapid defense and at the
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Figure 4. DNA-PKcs Activates IKK by ISS-
ODN and Bacterial DNA
(A) BMDM from wt or DNA-PKcs2/2 mice were
treated with ISS-ODN (5 mg/ml) for various
time periods, LPS (10 mg/ml for 30 min) or
TNFa (10 ng/ml for 10 min). At the indicated
time points, cells were lysed and IKK activity
was measured by immune complex kinase
assays (KA). Recovery of IKK was determined
by immunoblotting (IB). NF-kB DNA binding
activity was determined by EMSA.
(B) BMDM from wt or DNA-PKcs2/2 mice were
treated with po-ISS-ODN (5 mg/ml) or bacte-
rial DNA (BD, 5 mg/ml). At the indicated time
points, cells were lysed, IKK activity and IKK
recovery were analyzed as described above.
(C) BMDM from wt mice were treated with
ISS-ODN (5 mg/ml) or TNFa (10 ng/ml) as a
control, in the presence of different concen-
trations of Wortmaninn (Wm) for the indicated
time periods, after which IKK activity was
measured by immune complex kinase assay
(KA). Recovery of IKK was determined by im-
munoblotting (IB).
(D) BMDM isolated from wt or ATM2/2 mice
were treated with ISS-ODN for 1 hr. Cells were
lysed and IKK activity, IKK recovery, and
NF-kB DNA binding activity were analyzed as
described above.
Drosophila has implicated the involvement of signaling Several lines of evidence indicate that DNA-PK is in-
volved in the cellular response to DNA ds breaks (Smithpathways that are highly similar to those that activate
AP-1 and NF-kB transcription factors in vertebrates and Jackson, 1999). The protein kinase activity of DNA-
PK is stimulated by DNA ends (Carter et al., 1990; Gott-(Hoffmann et al., 1999). The role of AP-1 and NF-kB in
the control of the innate immune response in mammals lieb and Jackson, 1993; Leuther et al., 1999; Hammar-
sten et al., 2000). In addition, DNA with blunt ends, 59is well recognized (Baldwin, 1996; May and Ghosh, 1998;
Chu et al., 1999). It is also well established that IKK is overhanging ends, or 39 overhanging ends all activate
DNA-PK with similar efficiency (Gottlieb and Jackson,activated by dsRNA, viral infection, or LPS, and is re-
quired for cytokine or chemokine production (Chu et al., 1993), whereas ds DNA with hairpin ends and su-
percoiled DNA are inactive (Smider et al., 1998; Ham-1999; Karin and Delhase, 2000).
The results presented here shed new light on the marsten et al., 2000). Other studies revealed that DNA-
PKcs binds both ds and ss DNA (Leuther et al., 1999;mechanism by which ISS-ODNs activate innate immu-
nity by demonstrating that: (1) DNA-PKcs is required for Smith and Jackson, 1999; Hammarsten et al., 2000). The
minimal length of ds-DNA required for efficient DNA-induction of IL-6 and IL-12, (2) DNA-PKcs activates
IKKb, which is also required for IL-6 and IL-12 induction PKcs binding is no less than 12 bp while the optimal
length of ss DNA needed for efficient DNA-PKcs activa-by ISS-ODN, and (3) DNA-PKcs and IKK activities are
more efficiently stimulated by biologically active ISS- tion is between 5 and 10 nucleotides (Leuther et al.,
1999; Hammarsten et al., 2000).ODNs than by other ODNs that lack immunostimulatory
activity. Our results here have identified a novel function for
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Figure 5. ISS-ODN and Bacterial DNA Acti-
vate DNA-PK In Vitro and In Vivo
(A) The ODNs; ISS-ODN (…AACGTT), methyl-
ated ISS-ODN at the 5C position of the CpG
dinucleotode (…AA*CGTT) or mutated ODN
(M-ODNs: …AAGGTT…, …AACCTT… or AA
TATT) at a concentration of 0, 0.1, 0.3, or
1 ng/reaction were incubated with affinity-
purified DNA-PK (Promega), 0.5 mg of GST-
p53 (1–70), and 3.3 mCi of g-32P-ATP at 308C
for 30 min. The reactions were stopped by
addition of 43 sample buffer and the samples
were boiled, separated on 9% SDS-PAGE,
transferred on a PVDF membrane, and visual-
ized by autoradiography at 2808C for 1 hr.
(B) The po-ODNs ISS-ODN (…AACGTT) and
methylated po-ISS-ODN (…AA*CGTT) at a
concentration of 20, 50, or 100 ng/reaction
were incubated with affinity-purified DNA-PK.
DNA-PK activity was determined as de-
scribed above.
(C) The ISS-ODN (AACGTT) at concentrations
of 0.3 and 1 ng/reaction was compared to
stimulate DNA-PK activity to the po-ds-ISS-
ODN (AACGTT) at concentrations of 0.2, 1, 2,
5, 10 ng/reaction. DNA-PK activity was deter-
mined as described above.
(D) Equimolar amounts of bacterial DNA (BD)
or calf thymus DNA (CTD) as measured by
g-32P labeling of free 59 ends (4.1 3 106 and
4.2 3 106 cpm per 1 mg of DNA, respectively).
5 ng of each DNA, roughly equal to 2 3 104
cpm, was incubated with affinity-purified
DNA-PK and 3.3 mCi of g-32P-ATP at 308C for
30 min. The DNA-PK activity was determined
as described above.
(E) BMDM isolated from wt mice were treated with bacterial DNA (BD, 2.5 mg/ml), methylated bacterial DNA (2.5 mg/ml), or calf thymus DNA
(CTD, 2.5 mg/ml) for 1 hr and then lysed. DNA-PK activity was determined as described above.
(F) BMDM isolated from wt and DNA-PKcs2/2 mice were treated with ISS-ODN (ps-ss) (5 mg/ml), po-ISS-ODN (ss) (5 mg/ml), bacterial DNA
(BD, 2.5 mg/ml), LPS (10 mg/ml), or left untreated for the indicated time periods. Cells were then lysed and the 100 mg of lysates were assayed
for DNA-PK activity by an immune complex kinase assay (KA) using anti-DNA-PKcs monoclonal antibodies (mAb) and GST-p53 (1–70) as a
substrate. Recovery of DNA-PKcs was determined by immunoblotting (IB).
DNA-PK, i.e., interaction and activation by fragments of auxiliary recognition system as it was recently shown
to mediate signaling by ISS-ODN and to be required forbacterial DNA and ISS-ODN (Figure 5). Optimal activa-
tion of DNA-PKcs by ISS-ODNs appears to be sequence ISS-induced IKK activation (Hacker et al., 2000). How-
ever, the molecular link between DNA-PK and MyD88specific since mutations within the CpG motif which
impair immunostimulatory activity (Krieg et al., 1995) has yet to be established.
Our results also demonstrate that in addition to itsalso reduce the ability to activate DNA-PK (Figure 5).
Nevertheless, even biologically inactive ODNs retain the requirements for cytokine induction, DNA-PKcs is re-
quired for NF-kB activation in response to ISS-ODN.ability to activate DNA-PK, an effect mediated by DNA
ends. Using BMDM from DNA-PKcs-deficient mice or Although DNA-PK can phosphorylate sites at the C ter-
minus of IkBa, it is not directly involved in induction ofhigh concentrations of Wm sufficient for DNA-PK inhibi-
tion, we obtained genetic and biochemical evidence that IkBa degradation (Basu et al., 1998; Liu et al., 1998).
Rather, DNA-PKcs is likely to affect NF-kB activationthe activation of DNA-PK by ps and po ISS-ODNs as
well as bacterial DNA is required for induction of IL-6 and via IKK. The defect in NF-kB activation in DNA-PKcs-
deficient cells correlates with their inability to rapidlyIL-12 (Figure 1). Although DNA-PK was also activated
by methylated ISS-ODN and methylated bacterial DNA activate the IKK complex in response to ISS-ODN. The
activation of IKK by ISS-ODN is largely dependent on(Figure 5), which have reduced biological activity, this
activation was weaker than that observed for nonmeth- IKKb phosphorylation, as was shown for other pro-
inflammatory stimuli (Chu et al., 1999; Li et al., 1999;ylated ISS-ODN or bacterial DNA (Figure 5). It is likely,
however, that DNA-PKcs, although essential for activa- Tanaka et al., 1999). Although DNA-PKcs was first identi-
fied as a nuclear protein (Smith and Jackson, 1999),tion of innate immunity by ISS-ODN is not sufficient for
complete discrimination between methylated vs. non- several recent reports demonstrated that DNA-PKcs is
also located in the cytoplasm (Carter et al., 1990; Danskamethylated and mammalian vs. bacterial sequences.
Additional components may exist that further increase et al., 1996; Nilsson et al., 1999; Koiker et al., 1999).
Thus, it is plausible that ISS-ODN activates the catalyticthe discriminatory ability of this molecular recognition
system. The MyD88 is a potential component of this subunit of DNA-PK in the cytoplasm, which in turn phos-
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is also required for activation of innate immunity by ISS-
ODN. This finding fits nicely with previous reports in
which DNA-PKcs has been found to be degraded, ap-
parently via a proteosomal mechanism, during herpes
simplex virus (HSV) type I infection of mammalian cells
(Lees-Miller et al., 1996; Parkinson et al., 1999). As a
result, HSV was shown, in these studies, to replicate
more efficiently in a cell line with undetectable DNA-
PKcs than in a wt control cell line (Lees-Miller et al.,
1996; Parkinson et al., 1999). Therefore, DNA-PKcs may
also be involved in mounting innate anti-viral responses.
Our results explain how a deficiency in DNA-PKcs re-
sults in defective activation of innate immunity.
In conclusion, DNA-PK plays a pivotal role in two
different responses to DNA: (1) activation of DNA repair
and recombination systems, and (2) activation of innate
immunity. DNA-PK is involved in protecting the host ge-
nome from danger imposed by intrinsic DNA damage such
as DNA ds breaks generated by ionizing radiation or pro-
duced during immunoglobulin gene rearrangement. In ad-
dition, DNA-PK is involved in protecting the host from a
danger imposed by invading bacterial DNA (e.g., intra-
cellular infection). Thus, DNA-PK provides a link be-
tween genome defense (DNA repair machinery) and hostFigure 6. DNA-PK Activates IKKb through Phosphorylation
defense (innate immunity).(A) DNA-PK activates IKKb but not IKKa. IKKb (1 ml, 1:40 dilution)
or IKKa (1 ml) purified from Sf9 cells (Zandi et al., 1998) was incubated
Experimental Procedureswith DNA-PK (1 ml, 1:3 dilution), 0.5 mg of GST-IkBa (1–54) and 3
mCi of g-32P-ATP in the presence or absence of ISS-ODN (2 ng) at
Animals, Cell Culture, DNAs, ODNs, and ELISA308C for 30 min. The reaction was stopped by addition of 43 sample
DNA-PKcs2/2 and their wt control mice on the 129 genetic back-buffer. The samples were boiled, loaded on a 9% SDS-PAGE, trans-
ground were generated by Dr. G. C. Li and bred at Memorial Sloan-ferred onto a PVDF membrane, and visualized by autoradiography.
Kettering Cancer Center, New York, NY. IKKb 2/2 Tnfr12/2 mice wereThe presence of IKKa, IKKb, or DNA-PK in various reactions was
generated by Drs. Z.-W. Li and M. Karin (unpublished data). ATM2/2determined by immunoblotting (IB).
mice on the C57BL/6 background were generated and bred by Dr.(B) DNA-PK phosphorylates catalytic inactive subunit of IKKb [IKK
Y. Xu (UCSD) as was previously described (Xu et al., 1996) while(KA)]. IKKb (KA) (3 ml) purified from Sf9 cells (Zandi et al., 1998) and
their wt controls were purchased from Jackson Laboratories (Bar10 mCi of g-32P-ATP were incubated with DNA-PK (1 ml), or left alone
Harbor, ME). BMDMs from wt, DNA-PKcs2/2 mice, IKKb 2/2 Tnfr12/2,in the presence or absence of ISS-ODN (2 ng) at 308C for 45 min.
and ATM2/2 mice were prepared as was previously published (Martin-The reaction was stopped by addition of 43 sample buffer. The
Orozco et al., 1999), maintained in DMEM with 10% FBS, antibiotics,samples were loaded, transferred onto a PVDF membrane, and visu-
and 20% L-cell medium, and cultured for 7–10 days to allow themalized by autoradiography. The presence of IKKb (KA) or DNA-PK
to mature. Prior to use, BMDM were seeded (2.5 3 105/well in tripli-in the reactions was determined by immunoblotting (IB).
cate) in 96 well plates and then treated with LPS (1 mg/ml), ISS-
ODN (5 mg/ml) or M-ODN (5 mg/ml), po-ISS-ODN (10 mg/ml) or po-
ds-ISS-ODN (10 mg/ml), LPS-free, ultra pure bacterial DNA (E. coli,
phorylates and activates the IKKb subunit of IKK leading Sigma) (15 mg/ml) or methylated bacterial DNA or LPS-free, ultra
to NF-kB activation. Although the absence of DNA-PKcs pure calf thymus DNA (Sigma) (15 mg/ml). Methylation of bacterial
DNA was performed by SssI methylase (Biolab, Boston, MA) (15 mg/results in a dramatic decrease in IKK activation by ISS-
ml) following manufacturer’s instruction. Where indicated, the PI3KODN or bacterial DNA, some residual activity can be
inhibitor wortmannin (Wm), at various concentrations, was addedobserved (Figure 4). This residual activity can be derived
to ISS-ODN or LPS stimulated BMDMs. After 24 hr in culture, the
from ISS-induced TNFa production, which is not fully supernatants were collected and assayed for IL-6 and IL-12 levels
dependent on NF-kB, or can be due to the operation of by ELISA kits (PharMingen, San Diego, CA).
the previously mentioned auxiliary recognition system. Most of the experiments described in this study were performed
with LPS free, single-stranded (ss), 22 mer long, phosphothioateDNA-PK is a member of the DNA repair machinery
(ps) ODNs. In some experiments, ss and double-stranded (ds) 22(so-called “caretaker”) and has an essential role in the
mer long phosphodiester (po) ODNs were used. (Trilink, San Diego,maintenance of genome stability (Smith and Jackson,
CA). The sequences of the ODNs used in this study are as follow:
1999). DNA-PK plays a pivotal role in DNA ds breaks • ISS-ODN (1), 59-TGACTGTGAACGTTCGAGATGA-39
repair and therefore in programmed antigen receptor • ISS-ODN (2), 59-TGACTGTGAACGTTAGAGATGA-39
rearrangements during B and T cells development (Car- • Methylated (5-methylC) ISS-ODN, 59-TGACTGTGAA*CGTTAGAGA
TGA-39rol and Bosma, 1991; Gottlieb and Jackson, 1993;
• Mutated (M)-ODN, 59-TGACTGTGAAGGTTAGAGATGA-39Kirchgessner et al., 1993; Hartley et al., 1995; Danska
• Control-ODN (1), 59-TGACTGTGAACCTTAGAGATGA-39et al., 1996; Kurimasa et al., 1999; Smith and Jackson,
• Control-ODN (2), 59-TGACTGTGTTCCTTAGAGATGA-39
1999). DNA-PKcs null mice are hypersensitive to ionizing • Control-ODN (3), 59-TGACTGTGAATATTAGAGATGA-39
radiation and develop severe combined immune defi-
ciency (Kurimasa et al., 1999; Smith and Jackson, 1999). Kinase Assays and Immunoblotting
Thus, the requirement of DNA-PK in adaptive immunity Kinase assays and immunoblotting were performed according to Li
et al. (1999). Briefly, BMDM were treated with ISS-ODN (5 mg/ml),is well established. Our results indicate that DNA-PKcs
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M-ODN (5 mg/ml) on ps and po backbones as indicated, LPS-free ence of digest products in the methylated and in the nonmethylated
bacterial DNA, respectively (data not shown).bacterial DNA or methylated bacterial DNA (5 mg/ml), LPS-free calf
thymus DNA (5 mg/ml), LPS (10 mg/ml), or TNFa (10 ng/ml) for the For the DNA-PK assay, we measure the free ends in E. coli and
calf thymus DNAs by labeling the 59 free ends of both the DNAindicated time periods. Cell lysates were prepared and normalized
by immunoblotting (IB) with anti-IKKa polyclonal antibodies (Santa preparations. Thus, 0.2 mg of either bacterial or calf thymus DNAs
were incubated with 15 units of T4 PNK (Stratagene, San Diego,Cruz, Santa Cruz Biotech Inc., CA), anti-IKKb polyclonal antbodies
(Santa Cruz), or anti-DNA-PKcs monoclonal antibodies (NeoMarker, CA) and 100 mCi of g-32P-ATP in a 20 ml of reaction at 378C for 3 hr.
To purify the labeled DNAs from the g-32P-ATP excess, the samplesCA). IkB kinase (IKK) complex or DNA-PK complex from 100 mg of
the lysates were immunoprecipitated by anti-IKKa or by anti-DNA- were loaded onto SephdexG50 column (Stratagene San Diego, CA)
after the reaction was stopped. 1 ml of labeled DNA was used toPKcs antibodies. The kinase activities (KA) were determined by a
kinase assay using the N terminus of IkBa (for IKK) or the N terminus measure radioactivity which yielded 4.1 3 106 6 2 3 104 cpm/1 mg
for bacterial DNA and 4.2 3 106 6 5.2 3 104 cpm/1 mg for calf thy-of p53 (for DNA-PK) as a substrate as previously described (Wang
and Eckhart, 1992; Li et al., 1999; Hammarsten et al., 2000). mus DNA.
The in vitro DNA-PK phosphorylation assay was performed ac-
cording to Hammarsten et al. (2000) with modification. Briefly, affin- Acknowledgments
ity-purified DNA-PK (Promega, MO) was incubated with various DNA
preparations (described below), 0.5 mg of GST-p53 (1–70) and 3.3 We thank Parag Bhatt, Nan Fang, Yinglin Hu, Samantha Kim, Tony
Yoon, M.-D. Nguyen, Arash Ronaghy, Tomoko Hayashi, Akihiro Kuri-mCi of g-32P-ATP in a 20 ml reaction buffer (10 mM Tris-Cl, 5 mM
MgCl2, 0.3 mM EDTA, and 10 mM ATP) at 308C for 30 min. The masa, and Lucinda Beck for their excellent assistance. We also
thank Dr. Yang Xu for providing us with ATM2/2 mice. This workreaction was stopped by addition of 43 loading buffer. The samples
were boiled, loaded on 9% SDS-PAGE, transferred onto a PVDF was supported in part by Dynavax Technologies Corp; by National
Institutes of Health Grants to E. R. (AI 40682), M. K. (AI 43477),membrane and visualized by autoradiography.
The ODNs (ps-ss) used include an ISS-ODN with an active CpG G. C. L. (CA-59609 and 78497), and D. J. C. (CA-505159); Cancer
Research Institute postdoctoral fellowship to Z. W. L., tobacco-motif (AACGTT), a methylated ISS-ODN at the 5C of the CpG dinucle-
otide (AA*CGTT), and various control ODNs. These ODNs were incu- related disease research program to W. M. C. (9KT-00567;) and by
California Cancer Research program to M. K.bated at concentrations of 0, 0.1, 0.3, or 1 ng/reaction. The po-ISS-
ODN was incubated at a concentration of 20, 50, or 100 ng/reaction.
The po-ds-ISS-ODN was incubated at a concentration of 0, 0.5, 1, Received May 31, 2000; revised October 10, 2000.
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